DNA methylation is essential for development. Two DNA methyltransferases, Dnmt3a and Dnmt3b, contribute to the creation of DNA methylation patterns in embryos. We demonstrated that the Dnmt3a and Dnmt3b proteins are expressed at different stages of embryogenesis. Dnmt3b is specifically expressed in totipotent embryonic cells, such as inner cell mass, epiblast and embryonic ectoderm cells, whilst Dnmt3a is significantly and ubiquitously expressed after E10.5. The difference in the expression stages of the Dnmt3a and Dnmt3b proteins may contribute to their distinct functions during the embryogenesis. q
Results and discussion
In vertebrates, the methylation of cytosine in genomic DNA plays a crucial role in gene silencing, and is essential for development (Li et al., 1992; Okano et al., 1999) . Two DNA methyltransferases, Dnmt3a and Dnmt3b, are responsible for the creation of methylation patterns at an early stage of embryogenesis (Okano et al., 1999) . When Dnmt3a or Dnmt3b is targeted, residual Dnmt3b or Dnmt3a, respectively, partly compensates for the lack of the gene (Okano et al., 1999) , suggesting that Dnmt3a and Dnmt3b possess similar functional specificities. On the other hand, targeting of Dnmt3b leads to a severer phenotype than that of Dnmt3a, and a mutation in DNMT3b, a human homologue of Dnmt3b, leads to hypomethylation of the satellite 2 and 3 regions of specific chromosomes (Miniou et al., 1997) , which is the cause of ICF syndrome (Okano et al., 1999; Xu et al., 1999; Hansen et al., 1999) . These reports suggest that Dnmt3a and Dnmt3b possess distinct functions. We deduced that the difference in the timing of cell-type specific expression of the Dnmt3a and Dnmt3b proteins was one of the reasons for the different functions.
To address this issue, we determined Dnmt3a and Dnmt3b proteins in mouse embryos using specific antibodies recognizing the amino-terminal sequence of each protein, where no homology exists between the proteins (Aoki et al., 2001) . Surprisingly, Dnmt3a was not significantly detected in E4.5-8.5 embryos (Fig. 1A) . On the other hand, Dnmt3b existed at E4.5-7.0, in the inner cell mass (ICM) at E4.5, the epiblast at E5.5, and the embryonic ectoderm at E7.0. In E8.5 embryos, Dnmt3b was weakly detected in the head folds, but at very low level in E9.5 embryos (Fig. 1A) . The localization of Dnmt3b in early embryos at E4.5-E7.0 resembled that of Oct3/4, a transcription factor specifically expressed in totipotent cells (Fig. 1B ) (Pesce et al., 1998) . Dnmt3b was the major de novo DNA methyltransferase in E4.5-7.5 embryos, in which genomewide DNA methylation occurs (Monk, 1990) .
The Dnmt3a protein was below the detection level until E9.5, but was detected after E10.5. Typical immunostaining of the hind limb and tail regions at E12.5, and the forelimb region at E14.5 is shown in Fig. 2 . Dnmt3a was detected ubiquitously in mesenchymal cells. In contrast, the Dnmt3b protein was not detected in E10.5-14.5 embryos.
The amounts of Dnmt3a and Dnmt3b in E7.0-E16.5 embryos were determined using recombinant Dnmt3a and Dnmt3b as standards (Fig. 3) . Dnmt3a was below the detection level in E7.0-9.5 embryos (,0.07 ng/10 mg protein), significantly detected in E10.5 ones (0.45 ng/10 mg protein), and was detected thereafter. Inversely, Dnmt3b was highly expressed in E7.0 embryos (7.2 ng/10 mg protein), decreased thereafter, and was below the detection level after E10.5 (,0.07 ng/10 mg protein). Judging from its mobility, the major Dnmt3b in embryos was Dnmt3b1, a translation product of one of the splicing isoforms. De novotype DNA methyltransferase switches from Dnmt3b to Dnmt3a at around E9.5-10.5.
Embryonic stem (ES) cells express both Dnmt3a and Dnmt3b mRNAs at high levels compared to those in established somatic cells with no totipotency (Okano et al., 1998) . As ES cells reflect the state of totipotent cells in embryos, we determined the levels of the Dnmt3a and Dnmt3b proteins in ES cells, R1. Dnmt3b was detected in the nuclei of all R1 cells, but Dnmt3a was not highly expressed (Fig. 4) . Interestingly, only a portion, i.e. not all, of the Dnmt3b was localized to the heterochromatin. The localization of the endogenous Dnmt3b was not identical to that of ectopically expressed Dnmt3b, which has been reported to be co-localized with heterochromatin (Bachman et al., 2001) . The amounts of Dnmt3a and Dnmt3b in R1 cells were determined as in Fig. 3 . R1 cells significantly expressed Dnmt3b (5 ng/ 10 mg protein), but not much Dnmt3a (0.3 ng/10 mg protein). The amount of Dnmt3a was similar to that in cultured fibroblasts, C3H10T1/2 (1.0 ng/10 mg protein). Another ES cell line, TMA-S5, showed similar expression profiles for the Dnmt3a and Dnmt3b proteins as those in R1. Not the Dnmt3a but the Dnmt3b protein was highly expressed in ES cells.
The results of the present study suggest that the different expression profiles of the Dnmt3a and Dnmt3b proteins are one of the causes of their distinct functions in an early stage of embryogenesis.
Methods
ICR mouse embryos at E4.5-E9.5 were fixed in cold acetone. Embryos at E12.5 and E14.5 were mounted in TissueTek OCT compound (Miles Scientific, IL, USA), cryosec- Fig. 1 . Expression of Dnmt3a and Dnmt3b in mouse embryos. (A) ICR mouse embryos at E4.5, 5.5, 7.0, 8.5, and 9.5 were stained with anti-Dnmt3a (3a), antiDnmt3b (3b), or anti-Oct 3/4 (Oct) antibodies, and/or DAPI (DAPI, blue). The antibodies were detected with anti-rabbit antibodies coupled with ALEXA568. The ICM and trophectoderm (T) at E4.5 are indicated by arrows and arrowheads, respectively. The epiblast (E) at E5.5, and the embryonic ectoderm (EE) and extraembryonic region (EX) at E7.0 are indicated by square brackets. The head folds at E8.5 and E9.5 are indicated by arrows. (B) High magnification images of an E5.5 embryo stained with anti-Dnmt3b, Oct3/4, and DAPI are shown. Note that Dnmt3b was not detected in primitive endoderm cells surrounding the epiblast, which is similar to the expression pattern of Oct3/4. Arrowheads and arrows indicate the nuclei of primitive endoderm and epiblast cells, respectively. Fig. 2 . The expression of Dnmt3b decreased and that of Dnmt3a increased as embryogenesis proceeded. Serial sections (8 mm-thick) of E12.5 or E14.5 embryos mounted in Tissue-Tek OCT compound were immunostained with anti-Dnmt3a (3a), or anti-Dnmt3b (3b) antibodies, or without first antibodies (-). The hind limb (HL) and tail (T) regions of E12.5 embryos, and the forelimb region of E14.5 embryos were observed. The strong signals for the epidermis in E14.5 embryos (indicated by asterisks) were non-specific. No significant expression of Dnmt3b was detected, whilst Dnmt3a was significantly expressed in all the mesenchymal cells. Fig. 3 . Western blotting of Dnmt3a and Dnmt3b, and semi-quantitative determination of their amounts. (A) Whole embryos were solubilized by sonication or homogenization in the presence of 0.1% SDS. In dissected embryos (10 mg protein) at E7.0-16.5, the Dnmt3a (3a) and Dnmt3b isoforms (3b1, 3b2, and 3b3), of which the cDNAs were transiently expressed in 293T cells, were determined with specific antibodies. (B) The amount of each band material was determined using the recombinant Dnmt3a and Dnmt3b as standards. The density of each of the immunodetected bands was determined and plotted. Insets show Western blotting of Dnmt3a and Dnmt3b. The Dnmt3a expressed in E7.0, 8.5, and 9.5 embryos amounted to less than 0.07 ng, in E10.5 embryos 0.45 ng, in E12.5 embryos 0.70 ng, in E14.5 embryos 0.60 ng, and in E16.5 embryos 0.48 ng per 10 mg embryonic tissue protein. The Dnmt3b expressed in E7.0 embryos amounted to 7.2 ng, in E8.5 embryos 2.5 ng, in E9.5 embryos 0.2 ng, and in E10.5, E12.5, E14.5, and E16.5 embryos less than 0.07 ng per 10 mg tissue protein.
tioned, and fixed with paraformaldehyde. Samples were reacted with anti-Dnmt3a, anti-Dnmt3b (Aoki et al., 2001) , or anti-Oct3/4 antibodies (Saijoh et al., 1996) , and then stained with anti-rabbit IgG conjugated with ALEXA568 (Molecular Probe, OR, USA). ES cells (Tada et al., 2001) were immunostained as described previously (Inano et al., 2000) . All the samples except those for whole-mount immunostaining were observed under a laser scanning confocal microscope (Zeiss LSM 510). The whole-mount samples were observed under a Nikon TE 300 stereoscope.
Embryos or cells were subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Dnmt3a and Dnmt3b were immunodetected as described elsewhere (Aoki et al., 2001) . The amounts of Dnmt3a and Dnmt3b were determined using standard curves for recombinant Dnmt3a and Dnmt3b. 
